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Revealing the charge/discharge mechanism of Na-02 cells by in
situ soft X-ray absorption spectroscopy
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www.rsc.org/ Developing high energy density batteries, such as metal-air systems, requires a good understanding of their underlying
electrochemical principles. In-situ characterization methods provide valuable insight toward discharge/charge mechanism
of Na-O, cells. However, previous application of soft X-ray absorption spectroscopy has been limited to ex-situ studies on
the discharge products of the cell. Here we report an in-situ soft X-ray absorption technique for Na-O, cells to study the
formation and decomposition of the discharge products during battery cycling. Taking advantage of the elemental
selectivity and chemical sensitivity of soft X-ray absorption spectroscopy, we reveal the instability of discharge products in

the Na-O, cell environment. Our results illustrate that in-situ soft X-ray absorption spectroscopy is an efficient probe to
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study the electrochemical

Introduction

The search for new energy storage systems has intensified the
research on sodium-oxygen (Na-0,) batteries."> The
electrochemical mechanism of Na-O, cells as well as the
physicochemical parameters affecting the performance of this
system have been extensively studied.®™ During the discharge
process of a Na-O, cell, dissolved oxygen reduces in the
positive electrode and combines with Na* to produce solid
sodium oxide(s) as the discharge product through
electrochemical reactions. Subsequently, the discharge
product decomposes to original Na* and O, upon charging.z’ 12
Although the general mechanism of Na-O, has been
established, some aspects of the cell chemistry remains
ambiguouss' %1215 Unlike Li-O, batteries where Li,0, has been
widely accepted as the major discharge product in non-
aqueous electrolytes, various compounds have been reported
for Na-0, system, including sodium superoxide (NaOZ)Z’ 7,10,13,
16, sodium peroxide (NaZOZ)Z' 16, = hydrated form of peroxides
(NaZOZ.ZHZO)ls, sodium carbonate (NaZCO3)17’ ¥ and mostly
hybrid forms of these compounds.”’ 1920 The diversity of
discharge products in Na-O, cells mainly originates from the
relative instability of NaO, in the cell environment. However,
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mechanism of

alkali metal-O, energy storage systems.

the mechanism behind the degradation process of the
discharge products is not clear. Meanwhile, ex-situ analysis of
the highly sensitive discharge products is generally affected by
contaminations from surrounding environment. Accordingly,
effective in-situ characterization techniques are required to
provide an accurate understanding of the decomposition
mechanisms involved in Na-O, cells

Soft X-ray absorption spectroscopy (XAS) provides appropriate
selectivity and sensitivity required for analytical tracing of the
products in Na-O, cells®. XAS reveals information about the
local electronic and chemical structure of products by probing
states near the Fermi level using X-rays.lz‘ % In the present
work, we developed an in-situ system for soft XAS study of
non-aqueous Na-O, cells to examine the degradation
mechanism of discharge products. The ultra-high vacuum
condition employed in this technique eliminates any potential
source of contamination, providing accurate and reliable
chemical information on the electrochemical mechanism of
the cells. Using in-situ soft XAS (mapping) measurements in
conjunction with electrochemical characterization and ex-situ
electron microscopy, we show that a progressive degradation
reaction occurs at the products/electrolyte interface.

Results and discussion

The Na-O, cell employed in this study was built using the high
vacuum compatible liquid cell developed by Canadian Light
Source (CLS), to collect O and Na K-edge XAS (Fig.1a) on the
high resolution spherical grating monochromator (SGM)
beamline at CLS*. In-situ Na-O, cell was fabricated using Na
metal as the negative electrode and an Au coated (30nm)
silicon nitride window (100nm) as the positive electrode in a
diglyme-based electrolyte.
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Two most common discharge products in Na-O, cells are NaO,
and Na,0,, where Na cations combine with superoxide (O,)
and peroxide (022") anions respectively. The difference in the
electronic configuration of the anions (Fig. 1b) is the unpaired
electron in n  of the 0, ions®%. O K-edge XAS arises from
excitation of O 1s electrons to unoccupied states of O 2p
character (such as n and o antibonding states)lz’ 16
Superoxide exhibits a peak at relatively low energies (~532eV)
corresponding to transition to the partially filled n states and
a broad peak at higher energies (~536eV) attributed to
transition to the o states* %, However, peroxide exhibits no
7 transition due to its completely filled 7 states.

Fluorescence
detector

(a) Spherical Grating

Undulator Monochromator

WITIIm ExitSlits KB mirrors
X-ray
source —

In-situ
Na-O, cell

Figure 1. (a) schematic diagram of the Na-0, liquid cell designed for in-
situ soft XAS studies, (b) electronic configuration of superoxide (top)
and peroxide (bottom) anions.

Initially, O K-edge XAS spectra of other components of the cell,
including electrolyte and solid sodium salt were recorded to
track any potential interferences with XAS spectra of discharge
products in the cell. (Fig. S1, Supporting Information). There is
no overlap between these features and the characteristic
features attributable to the Na-O, cell discharge products.

The possibility of damage and other effect induced by X-ray
beam on the performance of Na-O, cell was tracked by
monitoring the open circuit voltage (OCV) of the cell at various
beam energies (Fig. S2, Supporting Information). The results
indicate minimal changes in the OCV of the cell during XAS
measurement, implying a consistent electrochemical reaction
mechanism. The measurement time of each scan was limited
to 30 seconds to minimize the beam damage on the discharge
products and cell electrolyte.

Figure 2 shows the in-situ XAS results for Na-O, cell during
discharge and charge cycles. All spectra show a broad feature
at around 536eV consistent with the feature observed in O K-
edge XAS spectrum of Na-O, electrolyte (Fig.S1, Supporting
Information) and previously reported discharge productslz' 18,
This peak is associated with the transition of electron from O1s
to o antibonding states. With the deposition of discharge
product during the discharge process, a peak gradually
emerges at 532eV. This peak is the O1s to 7 transition of the
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0O, anions, indicating the nucleation and deposition of NaO,
discharge product on the gold coated cathode. With
progression of the discharge process, the intensity of the n
transition peak raises, indicating the increase in deposition and
ordering of NaO, on the surface of the electrode respectively.
During the charge process, the behavior of the 7 transition
peak is reversed. At the end of the charge cycle, the fingerprint
feature of n transition disappears. However, there is a small
broad feature remaining in the XAS spectra at around 532 to
534eV which can be correlated to the presence of
decomposed NaO, or formation of side products at the
electrode/electrolyte interface.
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Figure 2. O K-edge XAS PFY spectra of cathode in the Na-O; cell. The
data were collected in-situ with electrochemical cycling for two hours.
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Scanning electron microscopy (SEM) of the cathode electrode
after discharge process (Fig. S3a, Supporting Information)
confirms the formation of discharge products on the surface of
the cathode window. Unlike the typical cubic shaped micron-
sized NaO, discharge products usually reported for carbon-
based cathodes” 7, a conformal film of products was observed
on the window along with irregular products on top of the
films. The SEM images of fully charged gold coated window
reveal the decomposition of majority of NaO, discharge
product on the electrode surface (Fig. S3b, Supporting
Information). However, small areas with thin film coatings of
the discharge products remain which are likely responsible for
the broad weak feature seen in fully charged O K-edge XAS
spectra of the cathode electrode.

Formation of conformal products film on Au surface can be
attributed to the surface mediated growth mechanism on Au
cathode®®. To confirm the effect of air electrode substrate on
the morphology and nature of the products, we examined the
morphology of discharge products in Na-O, cells using pristine
and gold coated carbon cathodes. Unlike uncoated carbon
electrode (Fig. S4a, b, Supporting Information) where cubic
NaO, was observed, the discharge products form a thin film
uniformly covering the surface of the gold-coated air electrode
(Fig. S4c, d, Supporting Information). Similar results have also
been reported in Li-O, cells, where changes in the cell
behavior® * and discharge product morphology27 were shown
by application of noble metal.

This journal is © The Royal Society of Chemistry 20xx
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Raman spectroscopy measurements (Fig. S5, Supporting
Information) of the discharge products formed on gold coated
cathodes (on both gold coated silicon nitride windows and
gold coated carbon electrodes), confirm the formation of NaO,
on the cathode immediately after discharge, as indicated in
previous work?.

There has been a debate over the stability of discharge
products in Na-O, batteries.” > ** *> % 0On one side, NaO, is
argued to reversibly form and decompose during the discharge
and charge cycles of Na-O, cells without any side reactions.”
% On the other side, it has been shown that NaO, discharge
products may gradually transform into Na,0,.H,0 or Na,CO;
side-products as a result of decomposition reaction of cell
electrolyte and/or air electrode.’® **** 3% Formation of side-
products in Na-O, cells results in significantly increased
charging over-potential as well as decreased Coulombic
efficiency. We have used the micron level mapping capability
of the in-situ XAS technique to track the chemical changes
occurring in the discharge products formed in Na-O, cells in
contact with the cell electrolyte.

To study the stability of discharge products, a discharged Na-
0, cell was set to rest in an open circuit voltage for 3 hours.
The discharge product exhibited the fingerprint feature of
NaO2 at 532eV after 3 hours of rest in the cell environment
(Fig. S6, Supporting Information). However, non-symmetrical
broadness of the peak and the shoulder peak appearing at
around 533.5eV, can be associated with slight changes in the
local environment of 02'2 or formation other more stable
compounds. A broad feature (between 532 to 534eV) was
observed on the cathode during the charge process (Fig. 2),
indicating the formation of side products during
discharge/charge process. A similar feature was observed by
Medarno et al.31, using transmission X-ray microscopy, which
has been correlated to the presence of O deficient layer and
shell of secondary products surrounding the NaO, discharge
products. O K-edge spectra measured in a line-scan across the
cathode window (Fig.S7, Supporting Information) illustrate
changes between the ratio of peak featured at 532eV and new
peak centered around 533.5eV across the cathode. Based on
changes observed in the O K-edge XAS spectrum (Fig. S7,
Supporting Information), we collected the fluorescence
intensity of the oxygen emission lines (Ka,) at several
excitation energies (532eV, 533.5eV and 600eV) over the
surface of the cathode window. This resulted in 2-dimentional
maps of the distribution of discharge products and side
products across the cathode electrode with a spatial resolution
of around 20um x 20um. The processed maps were plotted for
signals collected at 532eV (Fig. 3a) and 533.5eV (Fig. 3b).
Accordingly, the map obtained at 532eV represents NaO,
products, while the map at 533.5eV is associated with the side-
products formed during the rest period.

At 532eV, there is a gradient in the concentration of oxygen
fluorescence intensity across the SisN, window (Fig. 3a). This is
in good agreement with previous results, confirming the
formation of thin film discharge products (NaO,) over gold
coated electrodes (Fig. S3a, Supporting Information). The
gradient in the concentration of oxygen is as a result of

This journal is © The Royal Society of Chemistry 20xx

detector vs window positioning. However, at 533.5eV, the map
of fluorescence intensity of oxygen emission line shows several
islands of high concentration and non-uniform distribution of
products on the SisN, windows (Fig. 3b). This represents the
non-uniform formation of side products on gold coated SizN,
windows. Similar results were observed on data collected
using detectors position at ~0° angle with respect to the
cathode window (Fig. S8a, b, Supporting Information).
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Figure 3. Oxygen emission line (Ka;) XRF maps of the cathode window
collected using 450 angle detectors at incident energy of (a) 532eV
[NaO, product], (b) 533.5 eV [side products]. (c) XRF map based on
carbon emission line (Ka,) of the cathode window at incident energy of
533.5eV.

The 2-dimentional map, generated from fluorescence intensity
of carbon emission line (Ka,) collected at the above excitation
energies from the Si;N, window, can further clarify the nature
of these discharge products. The carbon-based fluorescence
intensity maps generated from detectors at angles close to o°
(shallow probing depth), show a negligible concentration of
carbon, uniformly distributed across the Si;N, window (Fig.
S8c, Supporting Information). Maps plotted based on data

J. Name., 2013, 00, 1-3 | 3
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collected by detectors positioned at 45° to the window
(deeper probing depth), present a non-uniform distribution of
carbon on the window, closely following the distribution of
oxygen maps obtained at 533.5eV (Fig. 3c). These results
confirm the formation of NaO, as the main discharge product
as films on the surface of the cathode (gold coated Si;N,4
window). Furthermore, during the rest period, as illustrated in
the figure 3, side products containing carbon, oxygen and
sodium are formed and non-uniformly distributed on the
interface of NaO, discharge product and electrolyte. These
results are in accordance with the previously reports on the
formation of Na,0,.2H,0, sodium acetate or sodium formate
at the NaO,/electrolyte interface.’® %32

The charging response of the discharge products of Na-O, cells
was examined before and after 3 hours rest period to evaluate
the effect of side-products on the charging characteristics of
the cell. The results (Fig. S9, Supporting Information) indicate
after 3 hours of rest, in addition to loss of capacity, the Na-O,
cell exhibits an initial spike of potential during the charge
cycle. A similar spike in charging behavior has been previously
reported for Na-O, cells.** * Such an increase in charging
overpotential is limited to a very short period before the
potential is lowered to charge potential consistent with the
decomposition of NaO,. This initial increase of charging
overpotential has been correlated to the dissolution of NaO,
into the cell electrolyte33. However, our in-situ analysis
illustrates that the formation of side-products at the interface
of NaO, discharge product with the cell electrolyte can be an
additional factor for the initial increase of charging
overpotential. A thin film surrounding the surface of NaO,
discharge products formed during the rest period acts as an
initial barrier during the charge process. After an initial spike in
the voltage to overcome this barrier, the charge potential

decreases to the values associated with NaO2 decomposition.z'
14, 16

Conclusions

In summary, we developed an in-situ soft XAS technique to
track the formation and decomposition of discharge products
in a working Na-O, cell by monitoring the O K-edge XAS
spectrum at the positive electrode of the cell. The results
indicated reversible formation and decomposition of irregular
structures and conformal film-like NaO, on the surface of Au
air electrode during the discharge/charge cycles, respectively.
We also examined the stability of NaO, discharge products in
the Na-0, cell environment by XAS mapping of the changes in
the composition of deposited NaO,. The results illustrated that
a non-uniform layer of side-products formed on the surface of
NaO,, likely as a result of decomposition reaction between the
discharge product and the cell electrolyte. Further studies are
needed to determine the nature of this phase and its
implication in charge and discharge processes of Na-O, cells.
The present study illustrates the capability of in-situ soft XAS
technique in illuminating the underlaying mechanisms of
charge/discharge processes in metal-O, batteries. It is
expected that the developed in-situ soft XAS cell can be
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further modified for other types of metal-O, batteries, metal-
ion batteries and fuel cells studies.
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